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Contributions to the Proton’s Spin M

Consider proton moving right

Proton spin =

Aq(x) _ Longitudinal
Ag(x) Polarization

Polarized DIS: ~0.3 Relatively poorly constrained
Puzzling for ~25 years But S, coming into focus!
; ~ p A §
: 1
Proton spin sum rule: —/A= —ESZ +5%+ ELZ + 7
7 249 g 9" g
q q

Proton spin {|

Transverse
Polarization

0q(x) —

Transversity
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Understanding Spin in Proton Collisions at STAR M

Probing Gluon Polarization with Jets and n°’s
Probing Sea Quark Polarization with W’s

Probing Transverse Structure with Jets and n°’s
— And with W’s, Z’s, and other probes

Looking to the Future
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Solenoidal Tracker at RHIC M

et RHIC as Spin Collider

| » “Siberian Snakes” > mitigate depolarization resonances
* Spin rotators provide choice of spin orientation
independent of experiment

Spin direction varies bucket-to-bucket (9.4 MHz)

Spin pattern varies fill-to-fill

PHOBOS J4

e A Inclusive hadron measurements:
e (NG yoLs Barrel E/M Calorimeter (BEMC),

Endcap E/M Calorimeter (EEMC),
Forward Meson Spectrometer (FMS)

- \ FPD (east) not shown

NIM A499, 245
(2003)
Jet and W/Z
measurements:
TPC + Barrel + Endcap
EMC
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Solenoidal Tracker at RHIC M

Inclusive hadron measurements:
Barrel ElectroMagnetic Calorimeter (BEMC),
Endcap ElectroMagnetic Calorimeter (EEMC),

and
Forward Meson Spectrometer (FMS)

FPD (east) not shown

y == Jet and W/Z
- \ measurements:
: ~ TPC +
Barrel + Endcap EMC
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Datasets from RHIC at STAR

%

* Many published results
from 2006, 2009 datasets

— And W’s more recently

* Preliminary results and
work 1n progress from,
especially

— 2011 500 GeV trans.
— 2012 200 GeV trans.

— Large 510 GeV long.
datasets in 2012 and 2013

Integrated polarized proton luminosity L [pb']
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Polarized proton runs
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=== 100 GeV

2013 P=52%

2013 P=52%

2009 P=34%

2012 P=59%
2011 P=48%
2009 P=56%
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b nders tanding Spin in Proton Collisions at STAR M

b

« Probing Gluon Polarizations with Jets and nt’s
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Probing (Gluon) Polarized PDF’s With Jets M
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o +0"

(0007) STS ‘0§ "19S "Med "[INN "A9Y ‘nuuy ‘|e 32 9dung

N
<tt'$j :
0.75
05 F
0.255
o f
o[ A ggsgg D qd~qd
F B qq-»qq E gg-=qq
o5k Cqq-qq qd-gg
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A,
f;l‘fb LL

A, for, e.g. jets, sensitive
to polarized PDF’s (Af) and
partonic asymmetry, 4, ,

Asymmetries at
different values of
pTorvS
—> sample different "
mix of partonic
subprocesses

Subprocess Fraction

0.6

C . gg qg
0.5
0.4 } ,./‘ “‘
C pp—jet+X
0.3 NLO CTEQ6M
C Anti-kT R=0.6

00 005 01 015 02 025 03 035 04 045 0.5

/

ni<1

Solid: Vs=200 GeV
» Dotted \F =500 GeV

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Z. Chang, DNP 2013 Jetx, (=2p/s)
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i .
STAR Jet Reconstruction M
Jet Levels MC Jets

Jet direction

STAR Detector has:
 Full azimuthal coverage
* Charged particle tracking from
TPC for n| < 1.3
* E/BEMC provide electromagnetic

Detector

GEANT

3 energy reconstruction for -1 <n <2.0
z < STAR well suited for jet measurements
=
>
=%
§ Anti-K Jet Algorithm:
£ & * Radius = 0.6

: -/ . . .
Oy %4_0 * Used 1n both data and simulation
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2009 Inc

usive Jet A, |

STAR 2009

p+p — Jet+X
's=200 GeV

arXiv:1405.5134
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0.01

-0.01

DSSV

— - LSS10p

LSS10
NNPDF

16.5% scale uncertainty
from polarization not shown

(62
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PRI T R R AN RO S T T R N N N
15 20 25
Parton Jet P, (GeV/c)

2009 results have factor of 3
to 4 better statistical precision
than 2006 results

Result divided into two
pseudorapidity ranges which
emphasize different partonic
kinematics

Result lies consistently above
the 2008 DSSV fit
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New DSSV Fit and Results

%

A

| 385X NEW FIT

90% C.L. region !
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PRL 113, 012001 (2014) |

-0.2

-0.1

Integral of Ag(x) in
range 0.05 <x < 1.0
increases substantially,
now significantly above
ZEero.

Uncertainty shrinks
substantially from
DSSV* to new DSSV
fit

First firm evidence of
non-zero gluon
polarization!
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New DSSV Fit Results M

| S gﬁ}E‘é’LF};m g - * Integral of Ag(x) in
. giscﬁmgmé e | ] range 0.05 <x<1.0

s DSSV ’ ] increases substantially,
= . now significantly above
I ] Zero.
- . | 3 * Uncertainty shrinks

JE— @ N substantially from

i - S DSSV* to new DSSV
- . fit

- Q2= 10 GeV? PRL A3, 012001 (2014) * Uncertainty on 1nt§gral
T T P A e over low x region 1s
02 01 -0 01, 02 03 still sizable
[See also new NNPDF fit | dx Ag(x)
, arX1v:1406.5539] 0 August 2, 2014
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Probing Low x Gluons With n A | M

PRD 80, 111108(R) (2009) PRD 89, 012001 (2014) Wissink SPIN2008

20+ X,\/S =200Ge¥V

I e-mm T l-' o __,- R -.”- - l_: 0'15:_---GRSVAg=g ~GRSVAQ=si 5 e b) - TCO + X ALLE STAR 2006 PRELSIMINARY;
0.05F P P+p—-a"+X - - GRSVAQ=-g —DSSV 0.01E %, y=37 :
[ { Vs =200 GC_V 1 Y egmrs \(;S ; 200 %e(;/ 0,005 =732
R L O <N <e E GRSV Std
0.00 '_ - | — —— —_ 005‘ T] 0: Lommemen ,{ ........ e
. I ‘ 1 C }_‘ ................... C J.
= F GRSV ] C e essehessesssneenassseneasaasfanasnasssanes -0.005 |
—0.05 — - - standard 7 . T C— 0 01:
"« Data i«g:gg - 1k ot
L DSSYV —--— = 1 o -0.015: s Sm
_0.]0-_ GS-C Ag=—g 1 -0,05: : West FPD++ Small
L -0.02
N T T D D D e .0.1— F i
4 5 6 .? 8 9 ]D ]] Tlllllllll]lAllJllllllLAllllA | -0.02315IIII02III625IIIIOI3HI635HI|o4lllIxF
pr (GeV/c) 5 6 7 8 9 10 1 12
P, [GeV/c]

* STAR has measured 7° A;; in three different pseudorapidity ranges
 Different kinematics, different fragmentation, different systematics
* Here with data from 2006

*qg scattering dominates at high n with high x quarks and low x gluons

*No large asymmetries seen

p. 13 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014




Updated Prediction for n° A | M

« NNPDFpoll.l includes jet results from STAR o /Is\n" ST
and PHENIX, including the recently submitted - :
2009 STAR inclusive jets p1e=E GeV ;

» Qreater precision needed to constrain the fit 005/~ ’ ‘ -

STAR data with NNPDF ¥ | -
dictions - arXiv:1406.5539 .
predic . NLO QCD, NNPDFpol1.1 E
Lol b b b b b byl

2 0.15_ .. —q .. _ > > p_ [GeV]
< - GRSV Ag=g GRSV A g =std p+p%n°+X T
- GRSVAg=-g —DSSV
0.1 (g STAR 20 - Vs =200 GeV
N 0.8<n<20
0.05 _+_
IR RNURY SURUPRRPY EPPISS pwy, SRR e
S — -,
-0.05 ! *
- 2006 data
-0.1— 6% Scale Uncertainty PRD 89, 012001 (2014)
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n’ A, Prospects in 2012 Dataset

%

« Work underway at STAR
with 2012 dataset (Xl 0 <j 0.15 - 201 2_’Pr<_)’jecte:l Statistical Uncertainties
) ) . . - p+p—n’+Xatis=510 GeV
luminosity) at intermediate 0.1
pseudorapidity . 055
— Large improvement in =
stat. uncertainty projected, o— —¢ { + $ ¢ $
as shown :
, -0.05
 And with 2012 and 2013 n
datasets at forward 01 | | | | | | |
pseudorapidity 5 6 7 8 9 10 N G \1, 2/
- 0.15:—...22:\\;ig=g ---G:;VAg=std B+B%TISO+X H h C " pT[ e C]
C o g=-g —DSSV * Higher CoM ener
01F & 5TAR 0 (s = 200 GeV g gy
- 0.8<n<20 « 200 = 510 GeV
005:——+— — e * Pushes to lower x gluon
o{{- e
-o.osf— ¢
- 2006 data
-0.1 :_ 6% Scale Uncertainty PRD 89, 012001 (2014)
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m« Understanding Spin 1n Proton Collisions at STAR M

* Probing Sea Quark Polarization with W’s
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Probing Sea Quark Polarizations With W’s M

u+d—WT set +v

%
P _ _ _ _
d+u—W~ —e +v
W's couple directly to the quarks and
antiquarks of interest
- Detect W's through e*/e- decay channels
14 Longitudinally, excellent probes of sea

quark polarizations
* Also an important probe of transverse

physics
. . . . . Oy —O0_—
Measure parity-violating single-spin asymmetry: A; =
(Helicity flip in one beam while averaging over the other) O'_|_ —|— 0O _
A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



Results from 2012 W’s )

arXiv:nucl-ex/1304.0079

I‘I T T T I T T ;I I T T T I T T I T T T I T T I;I T
s Lt L |DSsv++ S ] —
1 \ ! i
r 1 | W data ,' i T
AL | —-> + - AXZ i ‘\ 1 1 I,l 1
ptp =W — e+ v - \ ;b
- Vs=510 GeV 25 <E; <50 GeV — ok ! N
05 - — T \ \ / ’I Ipssv
> m“Ji'_'— Au : ............ “ ......................... ‘. ................... III ............. ;.I;l ............... : Ax2=2%
sLN L A A
1+ I /! / ]
L AN 7 DSSV++
Rel luml 0 ~-- Neme” _
Syst 1 I 1 1 1 I 1 1 1 AI 1 1 I 1 1 I*I 1 1 1 I 1 1 1 I 1
4 -0p2 0 Q02 004 006
STAR data move the — | (AT ,Q) dx
.05
world sea quark fits! °°
. T ‘I T I T T I T T T I I! T I T T I‘ |
-0'5 -_.-__‘__:______j —_— 15 __ ‘.‘-‘ “\ DSSV++ I-'.I I" -
- i+ -+ STAR Data CL=68% > [ 4V w/proj. Wdata i .
| - DSSV08 RHICBOS i Ad Ax™ [ 4 §
_________ DSSV08 CHE NLO R i
. ... LSS10 CHE NLO oo —
DSSVO08 LO Ay%/x2= 2% error 10 =3 .
- 3.4% beam pol scale uncertalnty not shown i "\ Y / . | Dssv
s et S ot o 1o,
-2 -1 0 1 2 L v §
lepton 1 5 - Y - —
@ arXiv:1404.6880 [ Accepted by PRL] (@ AW, ]
[See also new NNPDF fit N e X - 10 GeV?]
DSSV+: DSSV+COMPASS . 0 ~—t -
DSSV++: DSSV+ & STAR-W 2012 arX1v:1406.5539] L
DSSV++: DSSV+ & RHIC-W proj. (2009-2013) 008 006 004 002, 0 002

3 2
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W Projections

S RSy
T ey
LA A

720 MR RIEN

2011-2012 Results

J L™ =140 pb” A star 2020 Projection
AL_ 3+p W —-e*+v L p+p oW sef v
B Vs=510 GeV 25 <E; <50 GeV - ¥5=510GeV 25 <E} <50 GeV \"\'A
L ;| n  smn 2013 Projection [ oot
) <P> = 55% ;
__{%}‘ I L Ll P+p D W: Sets v I |
R L - Ys=510GeV 25 <E° <50 GeV \"\'A
: ‘ L 0 5‘_ L geiiverea =460pb ™
-] F— ~l <P> = 53% i
u syst i I
1

e + bRV G w
-__ _._..DSSV08 CHE NLO 22 oo
L . LSS10CHENLO L 3.49% beam pol scale uncirtainty a0t shown
DSSVO08 L0 Ay’ /xz=2% error P S N SR I TR N SR SR H SR SR S S |
I~ 3.4% beam pol scale uncertainty not shown
A AT I | — --- DSSV08 RHICBOS + -2 -1 0 1
2 A0 1 T2 [ Eedou w lepton 1
lepton 1 : ~ DSSVO8 LO A= 2% error
@ arXiv:1404.6880 e /°.be?m|p°I.SC.a Ie.un.cer}a'n.ty ?m.Sh?WT .
-2 -1 0 1 2
[Accepted by PRL] lepton 7
Includes Forward GEM
Tracker at STAR, fully
installed in 2013
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b nders tanding Spin in Proton Collisions at STAR M

b

 Probing Transverse Structure with Jets and nt*’s
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TAR Puzzle of Large Transverse Spin Asymmetries, Ay M

* Anomalously large Ay observed for nearly 40 years

— In naive, co-linear, leading-order/leading-twist QCD expect very small Ay, especially at high energy

An| ot _
04f Tt s : i i
F AT 4| o4y :'} 0.4} é‘}+ 04|
02[ o® 0.2F ¢ 0.2 oo 0.2F o ®
[ . % [ .° [ [ e [
Of---ommomo-- A----  Of-------- Bpn - Of---- xee Of -~ & --coooooooe
~02} 1976 } -02f 2002 ° 02} 1991 ° 0.2} 2008 A
0.4} ANL _0.af BNL t _0.4} Fermilab i % _o4LBHIC A
r 15=4.9 GeV {S=6.6 GeV Vs=19.4 GeV /s=62.4 GeV
06 Lty b byl —0.6"" —0.6""" P I '~ IS PN RIS P
0 02 04 06 08 002 04 06 08 002 04 06 08 0 02 04 06 08
X Figure Aidala ef al. Rev. Mod. Xk Pz,x Pz,x
(L‘F = —
: | Phys., Vol. 85, No. 2 J.l:() D-max \/5/2
A do' —do Left e
N ¢ T
do' +do 1 ){ For a 2xn detector,
do'® — cross section for leftward N An m.anlfests as an
scattering when beam polarization ~ Positive Ay —more 7’ to left of azimuthal (¢)
is spin-up(down) (up) polarized beam asymmetry
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e Persists at STAR/RHIC
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o

E <

<

At forward pseudorapidity
At high x;

FITTTITTTTTTITITI ITI T I I T I T I T T T TTII T I T ITI I I T I I T
[N R R LR R L R L

n® Ay VS p, (0.16 < x_<0.24) (Isolation 70 mR)
\'s = 500 GeV 7° Energy 50 GeV (x_~ 0.20)

STAR Run 11 PRELIMINARY
arXiv:nucl-ex/1304.0079

0.25
— 2 .
: L4 \s=19.4 GeV/c , E704 NOW Publlshed
02— ™ \s=62.4 GeV/c?, PHENIX 3.1<<3.7 Pl%inary
R {s=200 GeV/c?, STAR <>=3.3 ‘
0.15 :— * s=200 GeV/c?, STAR <n>=3.7 I
. {s=500 GeV/c?, STAR 2.7<n<4.0 +
0 1 - Preliminary +
_ arXiv:nucl-ex/1304.0079
0.05— Pt gT *F
B N * P B
- |
IR BoE ¥
| 1 1 I 1 1 1 1 | L 1 1 1 I | 1 1 1 I 1 | 1 1 | 1 L 1 1 I 1 | 1 | I 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

6 p/Gev
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* Interesting features in Ay

AR Puzzle of Large Transverse Spin Asymmetries, Ay M

—Persists to surprisingly large py
—Larger in n’s than 7%’s?
—In relatively isolated ©t?’s, not in jets

—Smaller when there’s central activity



Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or 'y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
Sp k <SP ' (p X kT,parton) > %0 Sp <Sq ' (p X kT,n) > %0

T,parton

Sensitive to
transversity (h,)
Sensitive to proton spin-
parton fransverse motion
correlations (needs L,)

S, Ky
¢ Kinematic Variables

<= py‘[/pjet
Jr (kz ) = 7 py relative to jet axis

Y ::
: T o Twist-3 mechanism: Asymmetry from
p@

! . multi-parton correlation functions
e.g. Qiu and Sterman, PRL 67, 2264 (1991); PRD 59, 014004 (1998)
Correlators closely related to k;
p p

moments of TMD’s

Y. Koike, RSC Discussion (2004) Boer, Mulders, Pijiman, NPB 667, 201 (2003)
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Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or 'y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
Sp <SP ' (p X kT,parton) > %0 Sp <Sq ' (p X kT,n) > %0

p p
\p ?’ Sensitive to 0

transversity (h,)

Sensitive to proton spin- S Kt

- ,n
parton transverse motion 7t Kinematic Variables 4
correlations (needs L) 2= Pa! Pj

Jr (kp ) = 7 pr relative to jet axis

Inclusive hadron asymmetries:
Unable to islolate contributions

Sivers, Collins, twist-3 ~ sin(¢;)
¢ —angle between spin and event plane

p. 24 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP
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Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
S, (Sp* (P X Ky porion) > # 0 S, (S, (pPxk;))#0

p p

\p ? Sensitive to 0 ?’
kT,TC

transversity (h,)
Sensitive to proton spin— S
parton fransverse motion \ n* Kinematic Variables !

correlations (needs L,) iy ey ) = ;pjliaerl/a léjsre to et axis

Separate Sivers and Collins:

Go beyond inclusive production - e.g. Jets, correlations, direct photons
Sivers ~ sin(¢y) Collins ~ sin(¢-¢,)

¢ —angle between spin and event plane  ¢,—angle of hadron around jet axis
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Sivers and Collins Analyses for Jets at 200 GeV M

! ; — §
p +p—jer+ X ’30'1; n" Asymmetry [ STAR Preliminary
0.1; 0.9<n<.05 = ‘?- n- Asymmetry . n— data horizontally offset for clarity
= g e [ | < f J - ‘+‘ —t+
= E ey ] gL ERY: [
0 = Ty ! 1 (;Cb """""""""""""""""" _+_ - ‘ - T —{ﬁﬁﬂi """" } “““““““““““““““
;_ N 2 x : Systematic effects contributing to <1% of total uncertainty excluded :_ RHIC 2006 /s =200 GeV
= -0.5<n<0.0 @\ [ R. Fatemi, AIP Conf. Proc. 1441, 233 | PTP - Jet() +X; jt 10 GeV
= _ : B T N ¥ T R
O SEPARP. S S— .o z i (GeV)
= ‘ ' STAR measured transverse single-spin asymmetries
AT E A l , , for inclusive jet production at central
ur g .
= 0.0<n<05 | pseudorapidity and Vs =200 GeV (2006)
Iy ;e
S e =T i sin . .
3 ! A (95) : consistent with zero
3 - UT
= sin(¢¢—¢ )
= 0.9<n<05 | AUT( 57%) . hints of non-zero
Y TR o L . . e I asymmetry with charge-sign dependence
= Phys. Rev. D 86 32006 (2012) !

10 15 20 25 30
p; (GeV/c)

p. 26 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



: M = ;
<o 0.08 - 1 .......................... ................... ..................
2012 STAR data provide 0.06 = f’T;Tt>OgGeV/C __________ S S— —
Opportunlty for higher precision 0.04 ;_ ......... leet<' ................... ................... ........ R
and greatly reduced systematic ' 5""""""""ﬁﬁ?ffﬁf;ﬁ;ﬁfﬁfﬁ?ffﬁfﬁ|'f|ﬁfﬁfﬁfffﬁfﬁlﬁlﬁfﬁfﬁfﬁﬁffﬁlﬁ e
uncertainties atvs =200 Gev e o
analysis well underway 008 F b S— T— e
:Z'ZZiﬁffffﬁﬁ?ﬁ@ﬁi?ﬁ?iéiééﬁtféﬁdfSﬁﬁtﬁéﬁﬁéﬁééﬁ'ﬁﬁﬁ@ﬁﬁééﬁéihiiﬁfﬁ_fff
I AR N I D T I D D
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
c 06— _ J. K. Adkins, DNP 2013z
s p.gg U8
§ o5 %
8 °'4§_ op—sjotX 2011 STAR data provide opportunity for first
3 F b measurements of central pseudorapidity
0.2 <1 inclusive jet asymmetries at Vs = 500 GeV
b } - Increased sensitivity to gluonic subprocesses
B Solid: Vs=200 GeV . . . .
T | No sign of large asymmetry in preliminary
K B [ T R KR YR YT

Jetx, (=2p /Fs) results — consistent with 200 GeV and also
with theoretical expectations.
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m Understanding Spin 1n Proton Collisions at STAR M

 Probing Transverse Structure with Jets and nt*’s
— And with W’s, Z’s, and other probes
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Sivers Function and Sign Change M
Prospects at STAR with W, Z, Drell-Yan

« Ay in Drell-Yan, W/Z production at RHIC provide excellent complement to SIDIS
— Attractive from a theoretical perspective (no frag. func. needed as for n’s, etc.)

— Sivers function “famously” changes sign when comparing with transverse
asymmetries from SIDIS

» Collins, J. C., 2002, Phys. Lett. B 536, 43
— Direct photon sign change as well

— Probe wide range of Q?

— Test the universality and factorization of TMD’s, constrain their evolution —

important tests of QCD STAR FMS-PreShower:
— Major targets for 2015-2016 FMS+FPS
2.5<n<4

« FMS (forward EM calorimetry) Preshower
Upgrade in 2015

— Allows separation among photons, nt?’s, charged
hadrons, and electrons

— Supports direct photon and DY measurements
p. 29 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014




Ay(W*-, 7% Results from 2011

%

 Preliminary results with 25 pb-! of data

 Projections for 2016 show A (W*-,Z%) will constrain sea quark Sivers distribution
and make a statement on the Sivers sign change

< - W e 4 STAR preliminary
1
0.5
- l l
s i T
-0.5}
B STAR p-p 500 GeV [L =25 pb”
-1 05<P,<7GeV
B 3.4% beam pol. uncertainty not shown
X 10
- 8
3 6
@ 4
2
0
-0.6 04 -0.2 0 0.2 0.4
yW

0.6

-4

<

syst.(%)

* An excellent complement to SIDIS

"W =1V STAR preliminary
1
0.5F }
oF
-0.51
B STAR p-p 500 GeV L =25 pb”
-1 05<P;<7GeV
B 3.4% beam pol. uncertainty not shown
10
8
6
4
2
o . . . . .
-0.6 -0.4 -0.2 0 0.2 0.4
yW

=z

<

0.8
0.6f
0.4
0.2}
of
0.2}
-0.4f
0.6
0.8

B

S. Fazio and D. Smirnov PoS(DIS2014)237

=

,Z0

—I'I

STAR preliminary

- STAR

p-p 500 GeV f L =25pb"
- 0<P,<25GeV

C34%

heam pol. uncertainty not shown

1

* No fragmentation (and so no fragmentation function uncertainty)
« High Q?
p.30 ¢ Sign flip
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® Understanding Spin in Proton Collisions at STAR M

s, Ry
faA & B
B b AN

* Looking to the Future

p. 31 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



Probing very low x gluons with Forward M
Calorimeter Upgrade: 2020

JE ECal:
Tungsten-Powder-Scintillating-fiber
2.3 cm Moliere Radius, Tower-size: 2.5x2.5x17 cm3
23 X,
HCal:
Lead and Scintillator tiles, Tower size of 10x10x81 cm?3

4 interaction length
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0605

SITTITIITTITTIETTNS

DICIEI]

i

| .-

75 - Dijet measurements
= —(p 3¢ "+ Pra€ ) provide direct access,
at leading order, to
parton x’s (contrast
\ inclusive jets)

p. 32 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



Dijet Projections with the Forward Calorimeter Upgrade

%

Vs =500 GeV

—1<y<2 Rcone™
2.8<y<3.7

https://drupal.star.bnl.gov/ STAlUstamotes/public/sn%O5

Z 10 F08ny g <0/28<n, <37
= 10 - R
;',;" o (EAST/FCS) '
\c 10 ceen - cesesnes

;9',- 105 ......

x

g 10

©

do/dx, (do/dx,) (pb)

do/dx, (dodx.) (pb)

10

8 . O.ZE_Z ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

E;>8 GeV
E.>5 GeV

(EAST/FCS)
2 0.15
0.1 jensesnnnn,
0.05 l
i '
0.05 |

-0.1 [ GRSVSTD

‘ — DSSV

5 3, 2 .- -0.15 |
107 107 107 10 10 1 30 35 40 45 50 55 60

x,(x,] M(GeV)

j 0.2 S — :

28<naw<37/28<n.m<37 < (EEMC/FCS) :

(FCS/FCS) | 2 015

e x10?

0.05 |- | l |

0 I |

0.05 '

- GRSVSTD

-0.1 = DSSV

s 107 10 15 20 25 3>0 35 40

1073 <o
Probe gluons to x ~ 1073

i

M (GeV)

L=1fb"
P=60%

B. Surrow PoS(D182014) 241

.1015 i

< MEST_/ FCS) {
2 0.1 PP PR R {
x10
0.05 }-
A B
0+ T 1 I
-0.05

* GRSVSTD
-0.1 = pssv J
20 25 30 35 40 45 50 55 60
M (GeV)

-0.1 | == GRSVSTD
- DSSV

|
15
10111213 141516 17 18 19 20

M (GeV)

An attractive probe at rather low x before the EIC era

) 12<n3(4]<18/28<n”3)<37
3
3
2
g
}
°
2107 4
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¢RHIC and eSTAR (>2025) will offer
unprecedented reach in Q2 and x

%

.
()
(/
l’,
Energy Recovery
oherent Linac
Electron Cooler

l',’

Polarized
Electron Source

\
of Intent |

eSTAR: A Letter b |

The STAR Collabora ’

l
1

1\
p. 34
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From AGS

https://drupal.star.bnl.gov/STAR/future




Intrigued? M

* By Spin Physics?
— Studies on nucleon spin at PHENIX, K. Tanida in this session

— The New Spin Physics Program of the COMPASS Experiment, L. Silva,
Saturday 16:30

* By detector upgrades?

—The Heavy Flavor Tracker and its performance in STAR at RHIC, S.
Margetis, Tuesday 17:50

— PHENIX Upgrade, E. Mannel, Tuesday 17:30

. By STAR?
— STAR highlight talk on Heavy Ion Physics, S. Shi in this session
— Quarkonia at STAR, B. Trzeciak, Saturday 15:50

— Pion-kaon femtoscopy in Au+Au collisions at STAR, K. Poniatowska, Sat.
17:15

— Open Heavy Flavor Measurements at STAR, D. Tlusty, Wed. 11:20

— Overview of results from phase I of the Beam Energy Scan Program at
p. 35 RHIC, D. MCDonald, last Tues. August 2, 2014



Spin Physics at STAR M

Inclusive Jets

— After 25 years, evidence of non-zero gluon polarization in the proton
Pushing to lower x gluons

— With forward detectors, sqrt(s) = 510 GeV, large datasets, detector upgrades
W’s and Z’s improving our understanding of sea quark polarizations
Exploration of large transverse asymmetries, Ay, continues

— TMD (e.g Sivers, Collins) and Twist-3 phenomenology

— Efforts to disentangle initial-state (e.g. Sivers) and final-state (e.g. Collins) effects;
and confirming both in a pp environment

— Tests of universality, factorization, and evolution of TMD’s

Large datasets on hand, analyses underway
— 2011, 2012, 2013

Detector upgrades continue
— FGQGT forward tracking 2013, forward calorimetry: FPS+FMS 2015, FCS 2020
Continuing data taking planned

— 2015, 2016, and beyond

Stay tuned! A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



Backup M
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rq-emw. . 1, - - - - - - |-—---"=-=-=-==-"==="====-"====== - T T T s s s s E ST EEEEEEEEEE ST A
2013 , HP8 Measure flavor-identified q and ¢ contributions to the spin of the proton |

: via the longitudinal-spin asymmetry of W production. :
_______________________________________________________ a

1
1
|
1
1
1 |
A [
! ! Utilize polarized proton collisions at center of mass energies of 200 and
i (update of 1 500 GeV, in combination with global QCD analyses, to determine if gluons 1
. HP1, met | have appreciable polarization over any range of momentum fraction :
I I I
1 I
|
|
1
1
1

in 2008) between 1 and 30% of the momentum of a polarized proton.

Test unique QCD predictions for relations between single-transverse spin |
phenomena in p-p scattering and those observed in deep-inelastic lepton |
scattering. :

— e o mm m mm e e e mm e mm e mm mm e mm mm e e e mm e mm e mm e e e mm e mm e e e mm e e e e e e e mm e e e e e e e e e e e e e e e e
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Relativistic Heavy lon Collider as a Spin Collider

39

t -
p”/'/
o ®
o

- Concert of Facilities

* OPPIS - LINAC - AGS - RHIC

Polarlzed -proton Collider

Mitigate effects of depolarization resonances with “Siberian
Snakes”

* Polarization measured with CNI polarimeter

*  Spin rotators provide choice of spin orientation independent of
experiment

RHIC Beam Characteristics

Clockwise beam: “blue”’; counter-clockwise beam: “yellow”
Spin direction varies bucket-to-bucket (9.4 MHz)
* Spin pattern varies fill-to-fill

“TANDEM VAN DE GRAAFF

Recent Spin Results from STAR - Drachenberg



Solenoidal Tracker at RHIC

Inclusive hadron measurements:
Barrel ElectroMagnetic Calorimeter (BEMC),
Endcap ElectroMagnetic Calorimeter (EEMC),

and
Forward Meson Spectrometer (FMS)

FPD (east) not shown

SR Jet and W/Z
- \ measurements:
: ~ TPC + Barrel + Endcap
EMC

40 Recent Spin Results from STAR - Drachenberg



STAR’s Endcap Electromagnetic Calorimeter M

Scintillating strip SMD

- BEMC L .
,\[EEMC — ¢ segmented into 12 sectors
. f TPC g - — Two active planes
z“ i IR — BBC — 288 strips per plane
j %ﬂ Resolution of a few mm

1.086 Shovgrm § 30°

Pb/iis‘nc<p°s" . ] 217 cm radius

e Nucl. Instrum. Meth. A 499 (2003) 740. s 1 e

s s . . u- "’//7/'“ ;

« Lead/scintillator sampling EM calorimeter SI’DMD
tie-rod”~ i~
— Covers 1.09 <n <2.00 over full 2 azimuth notohes._ ¥,

— 720 optically isolated projective towers (~22 X))

%

— 2 pre-shower, 1 post-shower layers, and an additional
shower maximum detector (SMD)

« Photon trigger places thresholds on maximum

\
. y 1
tower energy and the 3x3 patch of surrounding sasnc i
\\\ ) (extruded strips)
77.7cm

towers
radius
p. 41 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014
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O R/ A
.;\\_;s‘-s%%; i
SR o
5 &“\:
T R RN
B W e Ny

STAR FGT Detector

Improve
charged
particle
tracking at very
forward angles

Obtain better
measurement
of W decay
particles

nHits>=5

Used TPC volume

S

6 < FGT disks

FGT = Forward GEM Tracker

GEM = gaseous electron multiplier




FMS

(;:; Pb Glass EM Calorimeter
2 pseudo-rapidity 2.7<n<4.0
Small cells: 3.81x3.81 cm
Outer cells: 5.81 x5.81 cm

Unpolarized
Proton

¢

Transversely
Polarized
Proton

FPD EM Calorimeter
Small cells only
Two 7x7 arrays

Forward EM Calorimetry In STAR. 0



STAR Detector in 2014

A—
[wmo ] [trc] [BEmc] [Eemc] 2(2:\
ml 1=
Trigger/DAQ
‘ DAQ1k

7

FT: Heavy Flavor Tracker, MTD: Muon Telescope Detector



STAR Detector in 2015-2016

2015-16 )

EEMC
I_I pp/pA/AA

BEMC

TOF

| FMS(HCAL)+FPS

VPD

i

RP II* i

[reir]

Trigger/DAQ

DAQ1k

e

DAQ10k

Existing i New
Reinstrumented
=~

MS: Forward Meson Spectrometer, FPS: Forward Preshower, RP II*: Roman Pot Phase II* 41

HLT

.

m



STAR Detector in 2018-2019

A—
i [wo ] [trc] [BEmc] [Eemc] 20;%—;?:
e T BESII

Fixed Target

Trigger/DAQ

DAQ1k

e

DAQ10k

)

iTPC: inner TPC, EPD: Event Plane and Centrality Detector, ETOF: End-cap TOF, Fixed Tarqe%2

HLT

.




STAR Detector in 2021-2022

P eee—)

7

2021-22)
pp/pA/AA

| EEMC |

Trigger/DAQ

DAQ1k

e

DAQ10k

| Existing " Newl

7

HLT

FCS/FTS: Forward Calrimeter/Tracking System, RP ll: Full Roman Pot Phase Il 43



STAR Detector in 2025+

PA ——)

2025+
E C P

VPD

a

Trigger/DAQ

DAQ1k

DAQ10k

e

| Existing " Newl
40!
.

=~
CEMC: Central EM Calorimeter, eTRK: electron Tracker, TRD: Transition Radiation Detector 4

4



eSTAR Detector in 2025+

4

H

[

cSTAR i B

= v -

JAN. 28, 2014

LOE[LM | lr JI EMC ELECTRONICSEJ{ A.V :
| 7 [ —
| / 7 Z oo
|
[ o T ] M>Qliﬂ®@| e <] n
| ENC ;J:w | H
B HCAL
FTOF ' | WITH HYDRAULICS
‘ TO MOVE EACH
[T e AL
= SECTOR -
- . cemc—[] i’//\ - rd
oarSleS, r ‘ e |1/ L
S |l
il )
I:l I = i ——
| || EASTEEC—/ ] =
I L FORWARD_V
: TRACKING
— e - e SYSTEM Q%\

i /ﬁ e
©

T ”MTD

WALL R/ Z_ / | L f
= ‘ E ijNHXWH\DQIX [[L<lfee)

1 ——— ——
I :

The very successful STAR detector will evolve into an EIC detector 61
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THE Beauty of Colliders: Kinematic Coverage

novel electroweak
$ = &
==Q2>=6400 GeV? ; -Wi<
v
probe

10 3L Current data for Sivers asymmetry:
e COMPASS h*: Pr<16GeV, z>0.1

O HERMES  «%* K% P, <1GeV,02<2<0.7
m JLab Hall-A =" P,;<0.45GeV, 0.4<2<0.6

Planned:

102k B9 JLab 12

Q° (GeVZ)

10

51 107 1072 1072 10" 1 E.C. Aschenauer



n’ A, Prospects in 2012 Dataset M

* Work underway at STAR Greatly magnified!
with 2012 dataset (Xl 0 <j 0.02 2012 Projected Statistical Uncertainties
luminosity) at intermediate P+p—n’+Xatis=510GeV
pseudorapidity 0.01

\

— Large improvement in
stat. uncertainty projected,

o
I|IIII|IIII|IIII|II
L 4
L 4
—_——
—_——
—_——

as shown 0.01
 And with 2012 and 2013
datasets at forward -0.02
. 1 v b by e by e by by ey b e b Ly
pseudorapidity 5 6 7 8 9 10 11 12
<:" 0-15:_---GRSVAg=g ---GRSV A g = std B"‘B 04X . P; [GeV/c]
- ~GRSVAg=-g —DSSV * Higher CoM energy
0.1 (g STAR 20 - Vs =200 GeV © 200 S 51
- 0.8 <n<2.0 00 = 510 GeV
0.05/— —+_ * Pushes to lowerx g
0 :+ | 2006 data
z—+— PRD 89, 012001 (2014)
-0.05 | ¢
_0_1f_ 6% Scale Uncertainty
.52 él IélIII7IIIIIéHHSI9HH1IOHI.1I1HH12 August 2, 2014



xAg
02 Q*=10Gev? ]

'RHIC 200 GeV' ;

i | ----DssV |
0.1 F B DssVa

107 10" X

p. 53 A. Gibson, Valparaiso; STAR Spin Highlights; ICNFP August 2, 2014



DSSV 14

0.2 e
XAg oo

01"

01k Lt NEW F

ooooo DSSV#* 4
| - - - DSSV ]
_02 [ R [ R L NN
3 2 1
10 10 10 X 1

FIG. 1 (color online). Gluon helicity distribution at
0% = 10 GeV? for the new fit, the original DSSV analysis of
[3], and for an updated analysis without using the new 2009
RHIC data sets (DSSV*, see text). The dotted lines present the
gluon densities for alternative fits that are within the 90% C.L.
limit. The x range primarily probed by the RHIC data is indicated
by the two vertical dashed lines.



Inclusive jet projections

~USTAR Inclusive Jet Projections

0.050
ALL & Run 9 Preliminary
0.040 - ®  Run 12 Proj Stat
== =GRSV-Std (500) l
= =DSSV (500)
0.030 1| e GRSV-Std (200)
DSSV (200)
0.020 - & Runs 9+15 (200)
-~
0.010 - -~ L
-~
-
0.000 -
'0.010 T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
2pr
T = ——
NE

% Significant improvement in statistical precision with
data collected in 2011-2013 and expected in 2015

* Expect to reduce uncertainties on Ag by a factor of ~2

DIS 2014

Justin Stevens, Wi

9




Results from 2012 W’s
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'< 2 o

W Projections
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Theory: TMDs vs. Twist-3

Transverse
momentum
dependent

L Q>Qr>=Age
k| Q>>pr

P Sivers fct.

Need 2 scales
Q? and p;
Remember pp:
most observables one scale
Exception:
DY, W/Z-production

58

A
Collinear/
twist-3 @
QQr>>Aqey |
WA ol | A
Pr~Q
\ Efr‘emo;/, Teryaev;
Qiu, Sterman
> Q/Pr
Aqep < Qi/Pr << Q

Need only 1 scale
Q2 or p;

should be of reasonable size

should be applicable to
most pp observables

AN(RO/y/ jet)

QCD Evolution Workshop, Santa Fe, May 2014 E.C. Aschenauer



Ay: How to get to THE underlying Physics

6 Goal: measure less inclusive

Twist-3

Collins Mechanism

Rapidity depgndence of

Q Ay for n° and eta with

d Ay for jets, direct photons
Ay for heavy flavour > gluon
Ay for W+/-, Z0

Sensitive to proton spin —
parton transverse motion correlations
not universal between SIDIS & pp

59 QCD Evolution Workshop, Santa Fe, May 2014

Hincr'eased p; coverage

O asymmetry in jet fragmentation

Q n*/-n° azimuthal distribution in jets
O Interference fragmentation function

Sp

po—

S ky

q o7
Sensitive to transversity
universal between SIDIS & pp & e+e-

E.C. Aschenauer
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% STAR, /s =200 GeV, (n) =3.3

¥ STAR, s = 200 GeV, (1) =3.7

~ @ STAR,|s=200GeV,(n)=15
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The famous sign change of the Sivers fct.

critical test for our understanding of TMD's and TMD factorization
Twist-3 formalism predicts the same

DIs: pp:
. -scatterin —
QCD . aﬁracﬁve FsgI qqbar-anhilation
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A (direct photon) measures the sign change through Twist-3

will also be A (DY) and A(W*-,Z°) test of TMD evolution

All three observables can be attacked in
ﬁ one 500 GeV Run by STAR
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